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Abstract 
Sasana Budaya Ganesha Institut Teknologi Bandung (Saraga ITB) Tunnel is an underground tunnel connecting ITB Campus with 
the Saraga Sports Center. Despite being an underground tunnel, the original design of Saraga Tunnel was to utilize daylight. It 
has two skylights and fitted mirrors to distribute daylight across the tunnel. In order to study the potential of the daylighting 
inside the tunnel, this study developed a simulation model of light distribution inside the tunnel. The model’s parameters 
included the geometry of the tunnel; the photometric properties of inside surfaces, i.e. the reflectance, transparences, and colors; 
the geometry of skylight, and the resulting illuminance. This result demonstrated the potential use of daylighting control system 
of Saraga Tunnel.   
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
One major challenge with an underground tunnel is to distribute natural light inside its corridor (Hopkirk and 
Breer, 2000). One of such tunnel is the Sasana Budaya Ganesha (Saraga) Tunnel in the city of Bandung, Indonesia. 
This tunnel connects the campus of Institut Teknologi Bandung (ITB) with the Sasana Budaya Ganesha Sports 
Center. The tunnel facilitates 45 m long, 4.5 m height and 9 m width of a walkway underneath the Siliwangi road 
that separates these locations. Figure 1 shows the appearance of the tunnel’s gate at the campus side. 
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Fig. 1.The south gate of Saraga tunnel. 
For around fifteen years after its opening in 1996, the tunnel was operated only to facilitate pedestrian path 
between ITB campus with Saraga Convention Center during the graduation days in April, July and October every 
year. Since 2012, the tunnel opened for pedestrian, mostly students and staffs, during workdays, from 6.00 am to 
5.00 pm. As shown in figure 1 and 2, the services such as canteens just next to the tunnel’s gates, exhibits of 
student’s posters and tables along the walkway, photocopy service, ATM booth and convenience store; all marked 
the significant increase of activities inside the tunnels. 
Both pedestrians who spend less than 30 minutes inside the tunnel and staffs who operate the services for at least 
8 hours during the weekdays inside the tunnel could benefit from proper use of daylight. Studies have shown that 
proper use of daylight enhances the appearance of the walkway, excite positive moods of staffs and improves the 
eye adaptation of pedestrians (Edwards and Torcellini, 2002). 
Having that concept in mind, the original design of the tunnel incorporated two skylights, A and B, as shown in 
figure 3. These were equipped with reflectors (mirrors) as shown in figure 4. Unfortunately, due to long non-
operational state of the tunnel, some of the reflectors were long gone. Today, artificial lighting supports the activities 
inside the tunnel throughout the operational hours.   
In a spirit to revive daylighting of the Saraga Tunnel, this paper presents daylighting simulation and control 
strategy inside the tunnel. The simulation parameters are the geometry of the tunnel; the photometric properties of 
inside surfaces, i.e. the reflectance, transparences, and colors; the geometry of skylights, and illuminance obtained. 
This study assumes that each skylight has a set of reflectors, and the reflector’s angle can be varied to find the 
maximum daylight penetration in the corridor.  
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Fig. 2.Services inside the tunnel.(a) exhibition area and study desks;(b) photocopy services;(c) ATM booth; (d) convenience store. 
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Fig. 3.The site plan of Saraga  Tunnel. A and B mark the location of skylights [2]. 
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Fig. 4.Skylight and remains of the reflectors. 
To validate the simulation results, a 1:20 scale miniature model of the tunnel with an automatic daylight control 
system is developed. This system rotates the reflectors using a stepper motor. A microcontroller controls the 
reflectors’ angle based on the measurement of illuminance at the principal points. The target is to control the 
reflector’s angle to achieve the maximum daylight distribution throughout the tunnel. 
2. Daylighting simulation in Saraga Tunnel 
Daylighting is defined as placing openings, reflective surfaces and other forms of fenestration (such as windows, 
skylights, light shelves, light tubes, etc) to bring and distribute natural light into the interior of buildings during the 
day. Before 1940s, daylight was the primary light source in buildings. However, in the short span of 20 years, 
electric lighting has transformed the workplace by meeting most or all of the occupants’ lighting requirements. 
Recently, energy and environmental concerns have made daylighting a ‘rediscovered’ aspect of building lighting 
design (Baker and Steemers, 2002).  
The natural light sources for this purpose can be the direct sunlight or the diffuse daylight. The latter is preferable 
for indoor lighting due its diffuse nature and its ease of shade and glare control. Various solutions for dynamic 
lighting or glare controls are available through motorized and automated louvers or reflectors. Once properly 
installed and configured, the position of the reflectors can be adjusted to maximize the interior’s luminance when the 
ambient lighting changes. The development of control design is assisted by computer and application software that 
simulate the daylight distribution (Edwards and Torcellini, 2002; Fachrizal, 2008; Hopkirk and Breer, 2000). Such 
approach is underway for Saraga tunnel. 
The existing two skylights and wide gates are daylight sources of Saraga tunnel. Accordingly, this study 
developed a full-scale simulation model to observe the effect of the diffuse lighting through the gates and skylights, 
and the effects of reflector’s angle and configuration illuminance inside the tunnel. The simulation uses Dialux 4.11 
software. The simulation conforms to IESNA standards for pedestrian tunnels that require 43 lux of the minimum 
average illuminance at horizontal plane, and 54 lux for the average illuminance at vertical plane for pedestrian 
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security (IESNA 2000 and 2003). The daylight data is specified for Bandung city located at 107º E and 6º 55’ S. The 
sky condition is assumed clear and bright. 
The assumptions for simulation are as follows: 
x The external light penetrates the tunnel through a diffused surface with 40% transmission factor. 
x The light through the skylights goes into a distribution chamber of 4 x 2 x 4.9 m with 50% reflection factor.  
x The tunnel’s interior is covered entirely with white ceramics tiles with 67% reflectance factor.  
x Two configuration of the reflector are considered: (a) single reflector of 1.5 x 4 m and (b) three reflectors, each of 
0.75 x 4 m. The reflectance factor is 70%. The reflectors are illustrated in figure 5. 
x The illuminance is calculated at the work plane, 0.75 m above the ground level.  
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Fig. 5.The reflector’s configuration. (a) Single reflector (b) multiple reflectors. 
During the first round of the simulation, the single reflector is used. The reflector’s angle T is varied from 10q – 
80q. The resulting maximum and minimum illuminance throughout the tunnel are summarized in figure 6. The 
variation of the maximum level is 0.03%. This is negligible in comparison to the variation of the minimum 
illuminance, which is 3.07%.  
 
Fig. 6.The effects of reflector’s angle to the maximum (right scale) and the minimum illuminance (left scale) inside the tunnel. 
At T = 60q, the average illuminance throughout the tunnel attains its maximum at 325 lux. The light distribution 
throughout the tunnel at this condition is illustrated in figure 7. The figure shows that the skylight B and the north 
gate provide sufficient daylight to support the service activities for the surrounding area during the bright daylight. 
The light through skylight A and South gate, however, each can only reach less than halfway of the tunnel. The 
illuminance at the darkest area in figure 7(b) is 99 lux. Such level is sufficient for a pedestrian walk, but not for 
supporting reading the students’ exhibits along the tunnel. This point becomes the principal point, at where 
illuminance is measured. This illuminance level triggers the activation of the dynamic daylight control system. 
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Fig. 7.(a) Work plane calculation and (b) False color rendering of daylight distribution using single reflector at T = 60q. 
Figure 8(b) shows the daylight distribution by three reflectors at T = 60q, 45q and 30q. It shows that multiplying 
the reflectors produce higher illuminance (1-3 lux) throughout the tunnel. However, statistical T-student test to this 
result states that this increase is not significant, neither at 5% nor 1% degree of confidences. This shows that the 
current configuration of multiple reflectors does not improve the light distribution inside the tunnel. For this reason, 
other means of distributing daylight need to be considered, such as changing the configuration and the reflector 
material. 
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Fig. 8. Work plane calculation for light distribution by (a) single reflector at 60q, and (b) multiple reflectors at T = 60q, 45q and 30q. 
294   FX Nugroho Soelami et al. /  Procedia - Social and Behavioral Sciences  184 ( 2015 )  289 – 296 
3. Automatic Daylighting Control In Model Scale 
 
Fig. 9. The 1:20 scale miniature model of Saraga tunnel. 
To validate the simulation results, a 1:20 scaled miniature model is prepared. As shown in figure 9, the walls at 
one side of the tunnel are left open, to facilitate the observation of light distribution inside the tunnel. At this stage, 
the model has only one skylight, and it means only utilizing one dynamic daylight control. The control system 
consists of a microcontroller, motor drivers, stepping motors, reflectors, potentiometers, a light sensor and signal 
conditioners. The control diagram is shown in figure 10. 
 
 
Fig. 10.The daylight control diagram. 
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The control system works when the external daylight is higher than the minimum level required for illuminating 
the tunnel. The light sensor measures the illuminance at the principal point. If the illuminance is lower than the 
referenced level, microcontroller sends activation pulse to the motor so that it rotates the reflector. The 
potentiometer and light sensor respectively measures the rotation and the resulting illuminance at the principal point. 
Microcontroller receives the measurement signals and decides to continue rotating the reflectors or to stop rotation 
at an angle that produces maximum illuminance at the principal point.  
Based on the stated procedure, two daylight control programs have been developed. The first control program 
aims to rotate the reflector to the designated angle. This goal of this procedure is to compare the results of daylight 
simulation with the model scale implementation. The second control program aims to rotate the reflector until the 
referenced illuminance at the principal point is achieved, or if the maximum possible illuminance is achieved.  
The pseudocode of the first program is as follows: 
E(0) = 0, Ed(0) = Edmin, T(0) = 0q, U(0) = 0, k = 0 
while operate = true 
if Ed(k) ı Edmin 
if ș(k) < șr, then U(k)=1  
else 
if ș(k) > șr, then U(k) = -1, else U(k) = 0, end if  
end if 
end if 
k = k+1 
end while 
The pseudocode of the second program is as follows: 
E(0) = 0, Ed(0) = Edmin, T(0) = 0q,U(0) = 0 
ȕ = atan((4.5-yr-yp)/xp), k = 0 
while operate = true 
if Ed(k) ı Edmin 
if E(k) İ Er and ș(k) İ ȕ/2,then 
U(k) = 1 else U(k) = 0, end if  
else 
if ș(k) > 0,then U(k) = -1else U(k) = 0, end if 
end if 
k = k+1 
end while 
Here, E(k) is the illuminance at the principal point (xp, yp) at time tk, Ed(0) is the daylight, Edmin is the minimum 
daylight required to illuminate the tunnel. At the reflector system, T(k)is the reflector’s angle, U(k) is the motor 
activation signal and E is the angle formed by the principal point, the reflector’s center (0,yr) and the skylight’s 
center (0,0). The maximum reflector’s angle is șmax = ȕ/2, at which daylight is reflected directly to the principal 
point.  
The control system is evaluated by placing 500 W halogen lamps at the skylights of the model. The lamps are 
positioned in such a way that the illuminance entering the skylight is 5000 lux. This value represents the measured 
illuminance just outside the tunnel’s skylight on a clear and bright day.  
The illuminanceat the principal point is measured in two conditions: without and with daylight control. Without 
the control, illuminance at the principal point is 36 lux. Here daylight control significantly improves the illuminance 
at the principal point and hence the overall luminance of the tunnel surfaces. The maximum illuminance at the point 
is 79 lux, achieved at T = 57.6q. The profile of illuminance at the principal point is similar to figure 6, but around 20 
lux lower.  
This shows that the optimum reflector’s angle is moderately close to the simulation’s result. However, the 
illuminance at the principal point of the model differs significantly to the simulation results. The difference is due to 
the reflectance factor of the model’s interior wall. The simulation assumes that white ceramic tiles cover the whole 
tunnel’s wall. This material has higher reflectance factor than the white cardboard used in the scaled model. This 
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significantly reduces the illumination at the principal point, either with or without the daylight control. Nevertheless, 
the experiment shows that in overall daylight control significantly improves the light distribution inside the tunnel.  
This promising result deserves further with other configuration of multiple reflectors. The assumed concave 
configuration is better at focusing the light to a certain point, but not as good on distributing the light across the 
building. In addition, when the concave reflector is operated to illuminate the point at lower work plane, only a 
fraction of daylight is captured and is focused to the designated point. A convex reflector configuration, the use of 
prisms or even the light tube (Fachrizal, 2008; Hopkirk and Breer, 2000) might be better alternatives for distributing 
the daylight to the work plane and across the tunnel.  
Further also works underway for full-scale implementation of daylight control in the tunnel. The effect of 
increasing daylight to the productivity of occupants (Edwards and Torcellini, 2002) is a prospective topic for a 
multidiscipline collaboration between architects, lighting and control engineers and ergonomic engineers. 
4. Conclusions 
The existing two skylights and wide gates offered various possibilities to use daylight in Saraga tunnel. The 
simulation of daylight distribution through the skylights and gates showed that a single reflector at each skylight at 
60q angles yielded maximum illuminance inside the tunnel. At this configuration, the level at the darkest point 
inside the tunnel (principal point) is 99 lux. This was adequate for a pedestrian walk, but not for activities such as 
reading or studying. The simulation using three reflectors at each skylight did not show a significant improvement. 
This indicated the need for exploring different reflector’s configuration and materials in future studies.  
The implementation using motorized mirrors acting as reflectors to distribute light inside a 1:20 scaled model of 
the tunnel validated the simulation results. The optimum reflector’s angle was 57.6q, which was moderately close 
with the simulation result. The illuminance at the principal point inside the tunnel is 20 lux lower than the expected, 
due to the difference in wall materials used by the model. Nevertheless, this showed the potential of daylight control 
inside the tunnel. 
More alternative daylighting methods require further investigation. These include finding the optimum 
configuration and material of the reflectors, up to providing light tube along the tunnel. Implementing these 
solutions and analyzing the effects of the occupant’s mood and productivity is an exciting multi-disciplinary work 
for architects and engineers. Invitation for collaboration is wide open to implement the full-scale daylighting the 
tunnel. 
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